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Thalamic Relay of Spontaneous Retinal Activity
Prior to Vision
Richard Mooney,*†§ Anna A. Penn,†‡ repetitive low-frequency electrical stimulation of the op-
tic nerve or optic tract results in transmission at imma-Roberto Gallego,*‖ and Carla J. Shatz*
*Howard Hughes Medical Institute and Department of ture retinogeniculate synapses (Mooney et al., 1993;
Ramoa and McCormick, 1994; Shatz and Kirkwood,Molecular and Cell Biology
University of California, Berkeley 1984), the relative paucity of synaptic vesicles in each
RGC terminal raises doubts as to whether the synapseBerkeley, California 94720
faithfully transmits the higher-frequency repetitive dis-
charges produced spontaneously by the retina. In addi-
tion, because each retinal terminal contains only a smallSummary
number of synaptic vesicles (Campbell and Shatz, 1992;
Kalil et al., 1986; Mason, 1982), spontaneous retinal ac-Before vision, retinal ganglion cells produce spontane-
tivity might be insufficient to exert a strong depolarizingous waves of action potentials. A crucial question is
effect on postsynaptic LGN neurons. Strong postsynap-whether this spontaneous activity is transmitted to
tic depolarization, induced by repetitive presynaptic ac-lateral geniculate nucleus (LGN) neurons. Using a
tivity, is an essential component of Hebbian modelsnovel in vitro preparation, we report that LGN neurons
that have been proposed to explain activity-dependentreceive periodic barrages of postsynaptic currents
synaptic strengthening (Bear, 1995; Bear and Malenka,from the retina that drive them to fire bursts of action
1994; Brown et al., 1990; Madison et al., 1991). Further-potentials. Groups of LGN neurons are highly corre-
more, for retinal waves to influence the activity-depen-lated in their firing. Experiments in wild-type and
dent development of connections between the LGN andNMDAR1 knockout mice show that NMDA receptor
cortex, their activity must not be merely relayed fromactivation is not necessary for firing. The transmission
the RGCs to the LGN, but must also drive LGN neuronsof the highly correlated retinal activity to the LGN
to spike threshold and thus propagate to the cortex.supports the hypothesis that retinal waves drive reti-
We wanted to test directly whether spontaneous reti-nogeniculate synaptic remodeling. Because LGN neu-
nal activity is transmitted to the LGN, and whether it isrons are driven to fire action potentials, this spontane-
powerful enough to generate action potential dischargeous activity could also act more centrally to influence
by LGN neurons. Because we found that a wide varietysynaptic modification within the developing visual
of general anesthetics administered in vivo abolish allcortex.
spontaneous retinal activity (C. J. S., unpublished data),
we developed an in vitro preparation of the neonatalIntroduction
mouse visual system. This preparation has permitted us
to test directly whether spontaneous retinal activity isActivity-dependent synaptic remodeling is a hallmark of
transmitted to the LGN and, if so, what the effects ofvertebrate CNS development (Constantine-Paton et al.,
such activity are on the suprathreshold activity of LGN1990; Goodman and Shatz, 1993). In the visual system,
neurons.electrical activity is needed for the normal development
of eye-specific layers of retinal terminals within the lat-
eral geniculate nucleus (LGN), and at later ages for the Results
reorganization of geniculocortical axons within the vi-
sual cortex (Shatz, 1990). An interesting aspect of these To determine if retinal waves produce synaptic activity in
early developmental events is that they begin before the the neonatal LGN, we developed an in vitro preparation
retina can respond to light, and thus must be driven by from the postnatal day 0 (P0) to P4 mouse brain in which
spontaneous activity. In fact, the retinal ganglion cells the entire visual pathway from retinas to LGN is intact
(RGCs) display spontaneous bursts of activity, which (see Experimental Procedures). At P0–P4 in the mouse,
are highly periodic and propagate in waves across the the eyes arestill closed and RGC terminals aresegregat-
retina (Maffei and Galli-Resta, 1990; Meister et al., 1991; ing into eye-specific zones in the LGN (Godement et al.,
Wong et al., 1993). This pattern of activity seems espe- 1984). During this period, isolated mouse retinas have
cially well suited to drive activity-dependent reorganiza- spontaneous bursts of activity that travel in a wave-
tion within the developing visual system, assuming that like manner across the retina, greatly resembling the
it is successfully transmitted from the retina to the LGN, spontaneous retinal activity seen in other mammalian
and from the LGN to the cortex. species (M. Feller and C. J. S., unpublished data; Feller
Although previous in vitro studies have shown that et al., 1996; Meister et al., 1991; Wong et al., 1993).
This in vitro preparation allowed us to make whole-cell
recordings from LGN neurons and extracellular re-†These authors contributed equally to this work.
‡Present address: Program in Neurosciences, Stanford University cordings from optic nerve, optic tract, or LGN during
Medical School, Stanford, California 94105. the period that the retina is spontaneously active and
§Present address: Department of Neurobiology, Box 3209, Duke RGC axon terminals are undergoing segregation.
University Medical Center, Durham, North Carolina 27710.
We used extracellular recordings of RGC fiber activity‖ Present address: Instituto de Neurociencias y Departamento de
to determine whether the retinas in this preparation wereFisiologia, Universidad de Alicante, Apartado 374, 03080 Alicante,
Spain. spontaneously active. Recordings made from the optic
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This pattern of bursting is similar to the highly periodic
pattern of extracellular spikes recorded from postnatal
ferret retinal explants and from fetal ex utero rat retinas
(Maffei and Galli-Resta, 1990; Meister et al., 1991; Wong
et al., 1993). Given the similarity of the present re-
cordings to the ex utero recordings from intact fetuses,
the pattern of activity seen here is highly likely to reflect
the pattern of RGC discharges that occur in vivo.
Transmission of Retinal Activity to LGN Neurons
To determine if spontaneous retinal activity propagates
to the LGN, whole-cell recordings were made from indi-
vidual LGN neurons. Indeed, spontaneously occurring
periodic barrages of postsynaptic currents (PSCs) were
readily recorded from individual LGN neurons in this
preparation (Figure 2A). These PSC barrages usually
lasted 5–10 s, and were separated by 1–2 min periods
of relative quiescence (n 5 18 cells) (Figures 2A and
2B; Table 1), strikingly like the pattern of RGC action
potential activity recorded from the optic nerve or tract
at this stage of development (Table 1; see Figure 1). The
PSC barrages also were characterized often by a slow
inward current, probably due to summation of many fast
PSCs (Figure 2A). The mean PSC frequency at the peak
of the barrage was 15 Hz 6 9 Hz (range 4–63 Hz; n 5
18 cells) (see Table 1), and the amplitude distribution of
the individual synaptic currents had a single major peak
between 7 pA and 17 pA (11 pA 6 4 pA; n 5 15 cells).
When filled with the intracellular dye biocytin, all neurons
displaying these periodic PSCs were found to be located
within the borders of the LGN, and not in surrounding
regions of the thalamus (Figure 2C). (A total of 55 cellsFigure 1. RGC Units Fire Spontaneous Bursts of Action Potentials
in the Retinogeniculate Preparation were labeled with biocytin. Of these, 54 were in the
LGN or LGN/optic tract border.) Thus, well before eye-(A) An extracellular recording (top right) and cumulative spike histo-
grams (bottom) of a single unit from the optic nerve showing periodic opening and the formation of the mature pattern of reti-
bursts of action potentials approximately every 75 s. nal input, LGN neurons display spontaneous and peri-
(B) A multiunit recording from the optic nerve showing the tendency odic synaptic currents.
for multiple RGC units to fire together. An estimated 15–25 fibers
The strong temporal similarity of spontaneous activitywere recorded here; individual units cannot be distinguished in this
observed here in the LGN to that studied previously intype of recording. (CNQX was applied to this preparation from mi-
the retina suggested that the periodic barrages of PSCsnute 5 to minute 10 without any effect on the nerve recording.)
in the LGN are driven by RGC activity. To test this hy-
pothesis, we applied the sodium channel anesthetic li-
docaine directly to RGC axons in the optic nerve. Lido-nerve (Figure 1) and optic tract revealed highly periodic
action potential discharges (Table 1). Individual RGC caine application (2% via a puffer pipette) to the optic
nerve reversibly blocked periodic synaptic activity in theunits fired action potential bursts that lasted for about
2 s and were separated by periods of quiescence z70 LGN (n 5 4 separate cells from two different prepara-
tions; one of these cells is shown in Figure 2D). In addi-s in duration (Figure 1A; Table 1). Multiple RGC units
within the optic nerve tended to fire together (Figure 1B). tion, the periodic and spontaneous PSCs recorded from
Table 1. Summary of Characteristics of All Individual Units Studied
Burst Length Interburst Interval Maximum Frequency in 1 sa
Units (seconds) (seconds) (Spikes or PSCs/s)
Extracellular (Spikes)
Optic Nerve/Optic Tract Units (n 5 10) 2.0 6 0.7 71.3 6 21.1 6.4 6 2.8
LGN Unitsb (n 5 21) 3.3 6 1.8 71.0 6 15.3 6.2 6 3.5
Whole Cell (PSCs) (n 5 18) 7.0 6 3.0 72.0 6 45.0 15.0 6 9.0
The average number of bursts per cell analyzed for each type of recording were: extracellular LGN, 11; extracellular ON/OT, 8; whole-cell
LGN, 11.
a Data averaged over the 1 s recording interval in which maximal firing frequency was observed.
b We found that 10 of these units could be blocked by the addition of CNQX. In other preparations where CNQX was not applied, other
individual LGN units were identified on the basis of spike amplitude (.0.40 mV, with mean 5 0.74 mV). No ON/OT or optic tract units of this
amplitude were recorded and the maximal amplitudes of spikes recorded in these locations were ,0.3 mV (mean 5 0.17 mV).
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Figure 2. Neurons Receive Spontaneous Periodic Barrages of PSCs in the Neonatal Mouse LGN
(A) Whole-cell recordings made from LGN neurons reveal periodic barrages of PSCs separated by periods of quiescence, shown in the raw
current traces and PSC frequency histograms.
(B) The PSC frequency histogram from another neuron shows the barrages of PSCs over several minutes of activity.
(C) Neurons from which periodic barrages of synaptic currents could be recorded were localized to the LGN (medial border marked by dotted
line), as revealed by intracellular staining with biocytin. Projection axons (arrow) could be followed out of the nucleus, heading towards the
internal capsule en route to the cerebral cortex. Lateral (optic tract) is up, dorsal is left. Scale bar, 100 mm.
(D) Periodic barrages of PSCs were blocked reversibly by an application of 2% lidocaine (marked by arrows) directly to the optic nerves;
lidocaine was applied to the optic nerve with a puffer pipette positioned downstream from the LGN.
(E) Lidocaine applied directly to the optic nerve, as in (D), reversibly blocked retinogeniculate PSCs without affecting action potentials in the
LGN. The current traces in the top half of the figure show the unclamped action potential (marked by the open star) recorded in whole-cell
mode from an LGN neuron in response to a 130 mV step (initial holding potential of 265 mV), followed by a retinogeniculate PSC (filled star)
elicited from the same cell by electrically stimulating (stim) the optic nerve before, during, and after lidocaine application to the nerve. Plotted
below these current traces are the amplitudes of the action potentials and retinogeniculate PSCs over the course of the experiment.
(F) Lidocaine application directly to the LGN does block action potentials in the LGN. Top portion of figure shows the response of an LGN
neuron to depolarizing voltage steps, as in (E), before, during, and after lidocaine was applied directly to the LGN via a puffer pipette. Below
these traces are plotted the amplitudes of the unclamped action potentials over the course of the experiment.
three other cells were also blocked by lidocaine applica- capable of firing action potentials in response to direct
depolarization, even during the period that the sponta-tion to the optic nerve, but these recordings did not last
long enough to observe a reversal of this effect. Each neous PSCs were abolished by lidocaine applications
to the optic nerve (data not shown). This observationof these cells was tested off-line and still found to be
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suggests that the disappearance of the synaptic bar- to burst in a highly periodic fashion that closely resem-
bles that of the RGC input (n 5 21 cells) (Figures 3B andrages that follows lidocaine application to the optic
nerve does not reflect an interruption of activity locally 3C; Table 1).
Multiunit extracellular recordings also revealed thatwithin the LGN. To determine conclusively that the lido-
caine effect was specific to the optic nerve, and was groups of LGN neurons are synchronized in their burst-
ing behavior (see Figure 3C). A spike histogram analysisnot caused by diffusion into the thalamus (thereby
interfering directly with action potential–dependent of multiunit recordings, in which several individual LGN
units could be identified, showed that the firing of eachevents in the LGN), an LGN neuron first was induced to
fire an action potential via direct depolarization; then, a unit was correlated with the other members of the group
(Figure 4A). To examine this synchronized firing in moreretinogeniculate PSC was elicited in the same cell by
electrically stimulating the optic nerve (Figure 2E). In detail, cross-correlation functions were calculated for
all of the units shown in Figure 4A (Figure 4B). Thisthis experiment, lidocaine application to the optic nerve
blocked only the retinogeniculate PSC, sparing the ac- analysis illustrates that the four units consistently fired
within z10 s of one another (the average time betweention potentials elicited in the LGN. In contrast, when the
puffer pipette was repositioned over the recording site the first spikes of any two individual units was 4.7 s 6
2.8 s, calculated over all bursts). No strong correlationsin the LGN, subsequent ejection of lidocaine did block
depolarization-induced action potentials in the LGN were detected on the millisecond time scale, such as
those which would be expected for LGN units that re-(Figure 2F). Furthermore, synaptic barrages were not
detected in preparations where the optic nerve was cut ceive input from the same RGC fiber or for monosynapti-
cally connected LGN units. Within the ferret retina, theor crushed, making it highly unlikely that the periodic
PSCs were due to intrathalamic synaptic oscillations, correlation in the firing of neighboring ganglion cells is
less than 1 s (Wong etal., 1993). The broader correlationswhich are known to be present in more mature animals
(McCormick et al., 1995). These results demonstrate that observed here in the firing of pairs of LGN units most
likely reflects the fact that the retinotopic map is notthe periodic PSCs recorded from LGN neurons are
driven by RGC activity. fully refined at this stage of development (Godement et
al., 1984). However, the less than 10 s spread in the
correlation of the firing of the units is still brief in compar-Effects of Retinal Activity on LGN Neuronal
Firing Patterns ison with the 1–2 min period of silence separating the
bursts (Figure 4A), thus preserving the overall structureGiven that spontaneous retinal activity does propagate
to the LGN, we next sought to determine the effects of the signal coming from the retina. The exact firing
sequence of individual units within the group of recordedof these periodic barrages of PSCs on LGN neuronal
activity. Despite the relatively small amplitude of the postsynaptic units could vary somewhat (for example,
units b and c switch their order of firing) (Figure 4B,individual retinally activated PSCs, they still exerted a
strong depolarizing effect on LGN neurons. In many middle row, middle and left), consistent with the fact
that although the LGNreceives roughly retinotopic input,cases, this depolarization drove the postsynaptic cell
to spike threshold, resulting in periodic trains of action retinal waves of activity can travel through a given area
in more than one direction (Meister et al., 1991; Wongpotential activity within the LGN. These action potential
trains could be detected in LGN neurons in the patch- et al., 1993). In addition, some of the variability in order
of unit firing could reflect the convergence of at leastattached configuration, before breaking through the
membrane and entering whole-cell mode (Figure 3A, several active retinal axons onto each LGN neuron. This
convergence is suggested by the burst duration of peri-top trace). After breaking into a cell, and clamping its
membrane potential to 260 mV, barrages of PSCs with a odic PSCs recorded within the LGN (Table 1), which is
about three times longer than the spike train durationperiodicity similar to the action potential trains recorded
extracellularly were observed (Figure 3A, bottom trace). of individual RGC units recorded here (Table 1) or those
reported from retinal explant recordings with multisiteFinally, when taken out of voltage clamp, these same
periodic synaptic events induced trains of action poten- extracellular and single intracellular electrodes (Wong
et al., 1993).tials (data not shown).
Periodic spike trains also were readily observed in In an attempt to clarify further the amount of conver-
gence of RGC axons onto LGN neurons, the duration ofeither single unit (Figure 3B) or multiunit extracellular
recordings (Figure 3C) obtained from LGN neurons using interburst intervals was calculated for the spike trains
of individual RGC axons (Figure 5A) or LGN neuronslow-resistance glass microelectrodes (see Experimental
Procedures). The single unit recordings obtained in this (Figure 5C), as well as for the PSCs obtained from the
whole-cell recordings from LGN neurons (Figure 5B). Inmanner resembled the patch-attached recordings de-
scribed above in terms of burst length and periodicity the majority of cases, relatively peaked distributions of
interburst intervals were observed (RGC axons: 9/10;(Figure 3B). In addition, individual units extracted from
multiunit recordings on the basis of their spike shape LGN PSCs: 16/18; LGN spikes: 18/21), individual exam-
ples of which are shown inFigure 5. The relatively narrowand amplitude had the same temporal pattern of activity
as the single units that we recorded (Figure 3C; see unimodal distributions of these interburst intervals imply
that while LGN neurons appear to be innervated by sev-Experimental Procedures). For the analysis of LGN neu-
ron firing patterns, units were classified as postsynaptic eral RGC axons (given the comparison of the burst dura-
tion of the LGN PSCs with that of the RGCs), they arebased on their sensitivity to glutamate receptor antago-
nists and their relatively large spike heights (see next highly likely to be receiving innervation from RGCs situ-
ated near each other in the retina that are activated bysection; see Table 1 footnote). An analysis of the individ-
ual units recorded in the LGN shows that they are driven a common retinal wave. Occasionally, units had broader
Relay of Retinal Activity Prior to Vision
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Figure 3. Periodic PSCs Generated by Reti-
nalActivity Are Powerful Enoughto DriveLGN
Neurons above Spike Threshold
(A) Spikes could be detected after sealing
onto the postsynaptic cell, but before break-
ing through the membrane. Extracellular re-
cords of action potentials are shown before
breakthrough (top trace), and periodic PSCs
after breakthrough (bottom trace) while in
voltage clamp (V 5 260 mV).
(B) An extracellular recording of a single unit
in the LGN showing a spiking periodicity of
bursting that closely follows the bursting pat-
tern of retinal inputs. The raw data trace
shown above the histogram corresponds to
the fifth recorded burst of action potentials
(arrow).
(C) A typical multiunit extracellular recording
from the LGN (top) shows the large number
of action potentials that can often be re-
corded in the LGN in this preparation (traces
are continuous). Individual units can be ex-
tracted from these multiunit recordings (see
Experimental Procedures). The spike-fre-
quency histogram for the largest amplitude
unit from this recording (bottom) shows a
bursting periodicity that is very similar to the
pattern of bursting seen when a single LGN
neuron is recorded. The units in (B) and (C)
were identified as LGN neurons on the basis
of their large spike amplitude.
interval distributions that exhibited little or no clustering amplitude spikes recorded extracellularly in the LGN to
the postsynaptic cell, and not to the presynaptic RGCaround a central value (RGC axons: 1/10; LGN PSCs:
2/18; LGN spikes: 3/21). The presence of these broadly terminal. In developing and adult ferret and cat, retino-
geniculate synapses are glutamatergic, activating bothdistributed interburst intervals in the LGN is consistent
with innervation arising from disparate parts of the same N-methyl-D-aspartate (NMDA) and AMPA receptors lo-
cated on postsynaptic LGN neurons (Esguerra et al.,retina, or even from separate retinas; however, further
experiments are needed to distinguish disparate retinal 1992; Mooney et al., 1993; Ramoa and McCormick, 1994;
Scharfman et al., 1990). In the adult rat, the retinogenicu-inputs from an intrinsic underlying variability in some
RGC firing patterns. late excitatory postsynaptic current (EPSC) is also gluta-
matergic, with postsynaptic AMPA receptors and possi-
bly NMDA receptors contributing to the EPSC (CrunelliPharmacology of Spontaneous
Retinogeniculate Transmission et al., 1987).
As retinal wave activity is itself insensitive to gluta-The pharmacology of the periodic activity recorded in
the LGNwas studied tounderstand the relativecontribu- mate receptor antagonists (Wong et al., 1995), we could
test unambiguously whether the periodic PSC barragestion of different postsynaptic receptors to the barrages
of PSCs and suprathreshold bursting activity of LGN in the LGN were due to activation of glutamatergic reti-
nogeniculate synapses. Consistent with transmissionneurons, as well as to assign unambiguously the large
Neuron
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Figure 4. Four Units Recorded Simultane-
ously from P1 LGN
(A) Top trace: example of spikes from all four
recorded units at2.25 min. Letters above data
trace correspond to the four different units,
while the spike-frequency histograms below
demonstrate periodic bursting of each of
those units for a 7 min recording period. All
four units were identified as LGN neurons on
the basis of CNQX blockade (see text; Fig-
ure 6).
(B) Pairwise cross-correlation functions be-
tween spike trains of the four units shown in
(A). Each plot shows the firing of units a, c,
and d as a function of time before or after a
spike from cell b. The cross-correlograms in
the left and center columns were calculated
for bursts of spikes beginning at 3.5 and 4.8
min, respectively (A); the cross-correlograms
in the right column are a summary for all
spikes generated during the 7 min recording
period. All pairs of units fire within z10 s of
each other.
via retinogeniculate synapses, the spontaneous peri- postsynaptic units; other small-amplitude units (<0.2
mV) were unaffected by CNQX and so are likely to beodic PSCs were blocked by local application of CNQX,
an AMPA receptor antagonist, to the LGN with a puffer bursts of action potentials from presynaptic fibers (data
not shown).pipette (40 mM; Vm 5 260 mV; n 5 6) (Figure 6A) when
the cell was held at a negative potential where primarily To determine if NMDA receptors, as well as AMPA
receptors, contribute to the retinogeniculate EPSC in theAMPA receptor activation would be expected to occur.
Because CNQX blocked the postsynaptic PSCs, but neonatal mouse, whole-cell recordings were obtained
from LGN neurons in a preparation of the mouse visualis known not to affect the retinal waves, we could deter-
mine further whether AMPA receptor activation was system where the cut ends of the optic nerves could be
electrically stimulated. The resultant evoked retinogeni-needed for the induction of periodic suprathreshold
bursting in the LGN. Indeed, 50 mM CNQX reversibly culate EPSC consisted of a fast inward current when the
postsynapticmembrane was held at negative potentials,abolished or attenuated spike trains recorded in the
LGN (n 5 10 individually identified units, 5 separate consistent with the AMPAergic transmission (Figure 7A).
In contrast, much slower outward-going currents, typi-preparations) (Figure 6B, top histogram), without alter-
ing the bursting activity recorded extracellularly either cal of NMDA receptor–mediated events, were evoked
when the postsynaptic membrane potential was held atin the optic nerve or in the optic tract (Figure 6B, bottom
histogram). Recordings of large-amplitude LGN units 140 mV; these slower PSCs were blocked by D-APV
(100 mM), an NMDA receptor antagonist (Figure 7A).(>0.40 mV; n 5 3) (see Experimental Procedures; see
Table 1 footnote) were invariably blocked by CNQX ap- In contrast with the CNQX-mediated blockade of
spontaneous activity at this synapse, blockade of NMDAplication, identifying them conclusively as postsynaptic
units. Some small-amplitude units were also blocked receptors by bath applying D-APV (100 mM; Vm 5 260
mV; n 5 2) had no discernible effect on the frequencyby CNQX (n 5 7) (see Figure 4), identifying them as
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Figure 6. The Periodic Synaptic Barrages and Bursts of Action Po-
tentials Can Be Blocked by CNQX
(A) The periodic barrages of spontaneous PSCs are blocked with
CNQX (40 mM from a puffer pipette) when the postsynaptic cell is
held at 260 mV (i.e., in the range of AMPA receptor activation).
(B) Single unit activity recorded extracellularly in the LGN is revers-
ibly blocked by bath application of 50 mM CNQX (top histogram),
while optic tract activity in the same P1 preparation is unaffectedFigure 5. Many RGC and LGN Single Units Have Peaked Interburst
(bottom histogram). The LGN unit recovered slowly from CNQXInterval Distributions
effects, with an initial partial recovery followed by full recovery in
The number of interburst intervals with particular duration is plotted
40 min.
in (A), (B), and (C) (bin-width 5 10 s). Intervals were calculated as
elapsed time between initiation of consecutive bursts of spikes.
Examples of histograms from single units recorded in the optic
nerve (A) and for both PSCs (B) and spikes recorded (C) from individ- previous pharmacological experiments showing that
ual LGN neurons are shown. NMDA receptors are not needed for retinal wave activity
(Wong et al., 1995). However, the periodic spike trains
recorded extracellularly in the LGN also persisted in theof PSC occurrence (Figure 7B). These periodic synaptic
barrages also were present in preparations made from presence of D-APV, in wild-type mice, in almost all cells
examined (100 mM; n 5 12 of 13 cells, 9 preparations;NMDAR1 knockout mice (n 5 7 cells; Figure 7C) (Li et
al., 1994). Both of these observations are consistent with Figure 7D). Therefore, despite some heterogeneity in
Neuron
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Figure 7. The Developing Retinogeniculate PSC Has an NMDA Component, but NMDA Receptors Are Not Necessary for Bursts of Postsynaptic
Action Potentials
(A) The retinogeniculate PSC in wild-type neonatal mouse is mediated by a combination of non-NMDA and NMDA receptors. These recordings
were made in a preparation in which the optic nerves were cut and then electrically stimulated with suction electrodes to evoke PSCs from
LGN neurons. The evoked response is a fast inward PSC when the cell is held at 270 mV. A slower outward current could be elicited at 140
mV and was abolished by D-APV, an NMDA receptor antagonist.
(B) Periodic PSCs in wild-type mice are not blocked by D-APV (100 mM, bath application; Vm 5 260 mV).
(C) Periodic PSCs are present in a P0 NMDAR1 null (2/2) mouse.
(D) An extracellular recording of an LGN neuron in a wild-type preparation during a 100 mM APV application (duration shown by bar).
(E) An extracellular recording from a wild-type mouse preparation demonstrates that 50 mM CNQX blocks those action potentials recorded
from an LGN neuron that are not blocked by 100 mM D-APV application.
(F) An extracellular recording of an LGN neuron from a P0 NMDAR1 null (2/2) mouse. Action potentials were ascribed to LGN neurons in (D)
and (F) on the basis of spike amplitude (an example of the action potential burst for each unit is shown above the respective spike histograms).
(D)–(F) indicate that periodic bursts of action potentials persist despite lack of activation of NMDAR1 receptors.
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terms of NMDA receptor involvement, this receptor sub- are present at the developing retinogeniculate synapse
(Bear, 1995; Brown et al., 1990; Madison et al., 1991).type is not required in most cases for retinal activity to
drive the postsynaptic cell to spike. Consistent with the Such Hebbian mechanisms depend on correlated pre-
and postsynaptic activity, as could occur when repeti-idea that the activation of AMPA but not NMDA recep-
tors is essential for retinal waves to drive LGN spiking, tive firing of the presynaptic terminal releases sufficient
transmitter to trigger one or more action potentials fromsuprathreshold activity that was insensitive to D-APV
subsequently was blocked by CNQX application, as the postsynaptic cell. Until now, a major question during
early development has been whether nascent terminals,shown in Figure 7E (50 mM; n 5 6 units in 4 preparations).
Periodic bursts of action potentials were also detected with few synaptic vesicles, acting either alone or in con-
cert, could generate the postsynaptic depolarizationin preparations made from NMDAR1 knockout mice
(n 5 2 preparations; Figure 7F). Therefore, both APV necessary for a Hebbian process. From the present ex-
periments, it is clear that even at early stages of develop-application in wild-type mice and recordings from
NMDAR1 knockout mice indicate that the spontaneous ment, retinal terminals are surprisingly potent in their
ability to depolarize LGN neurons. One of several issuessynaptic barrages from the retina are sufficient to evoke
postsynaptic LGN neuron spiking even in the absence still to be resolved in clarifying if a Hebbian mechanism
leads to the activity-dependent remodeling of the retino-of NMDA receptor activation.
geniculate synapse is whether the repetitive high-fre-
quency activation of the retinogeniculate synapse that
Discussion occurs endogenously can lead to persistent modifica-
tion of synaptic efficacy, as has been shown previously
The results of this study indicate that well before eye- to occur at this developing synapse in slices of ferret
opening the retinogeniculate synapse is remarkably effi- LGN in response to the artificial administration of high-
cient at transmitting the spontaneous bursts of action frequency electrical stimulation (Mooney et al., 1993).
potentials produced by RGCs. During the first few post- The mouse retinogeniculate EPSC, like that of the
natal days in the mouse, LGN neurons receive periodic ferret (Mooney et al., 1993), displays an NMDA receptor–
barrages of PSCs that are separated by silent periods mediated component under the appropriate voltage
almost identical in duration to those described for the clamp conditions. The present results using the mouse
interburst intervals of RGCs (Wong et al., 1993). Several preparation indicate further that spontaneous retinal ac-
observations presented here indicate that spontaneous tivity can drive LGN neurons to spike threshold even in
retinal activity does drive the periodic activity that we the absence of postsynaptic NMDA receptor activation.
have recorded from the neonatal mouse LGN neurons: Periodic spike trains were recorded extracellularly from
first, application of sodium channel blockers to the optic LGN neurons not only from controls, but also either
nerve reversibly abolishes periodic synaptic currents in the presence of NMDA receptor antagonists or in
within the LGN; second, periodic barrages of synaptic preparations made from mutantmice completely lacking
currents are never detected when the optic nerve is cut functional NMDA receptors. Therefore, the non-NMDA
or crushed; third, extracellular recordings made from component of the synaptic response alone must be suf-
the optic tract and optic nerve in this preparation detect ficient to drive the postsynaptic cell to spike threshold.
bursts of action potentials in firing patterns identical An important issue that awaits further clarification is
to those known to be generated by RGCs; and fourth, whether activity-dependent synaptic modification, such
intracellular dye filling shows that the postsynaptic cells as stimulus-induced synaptic strengthening, which in
displaying periodic synaptic barrages are indeed lo- the ferret is known to involve NMDA receptor activation
cated within the LGN. Therefore, the highly correlated (Mooney et al., 1993), also occurs in the newborn mouse
activity exhibited by RGCs during early development and has similar requirements for its initiation. Given that
propagates to the LGN and is thus available to influence NMDA receptor blockade in vivo in ferrets apparently
activity-dependent processes at the retinogeniculate does not prevent the activity-dependent formation of
synapse. eye-specific layers within theLGN (Smetters et al.,1994),
During the height of the retinally driven synaptic bar- the results presented here are still consistent with a
rage, the almost simultaneous occurrence of many ex- model in which postsynaptic depolarization plays a key
citatory synaptic events strongly depolarizes the post- role in this developmental event. Assuming that ferrets
synaptic LGN neuron, causing it to fire trains of action and mice are similar with respect to retinogeniculate
potentials. Although the possibility remains that certain reorganization, any requirements for postsynaptic de-
synaptic inputs to the LGN are not functional in the in polarization could be met through other pathways, such
vitro preparation used here (such as those from the as voltage-gated sodium or calcium channels (or both).
brainstem in the rodent) (see Hallanger et al., 1987), our Forms of NMDA receptor–independent synaptic plastic-
results demonstrate that the spontaneously generated ity that require postsynaptic depolarization have been
retinal activity is sufficient to drive the postsynaptic cell described within the mammalian CNS (cerebellar long-
to spike threshold. This occurs despite the presence of term depression) (Linden and Connor, 1995). Addition-
functioning inhibitory circuits within the LGN, as sponta- ally, NMDA receptor–independent synaptic plasticity
neous inhibitory currents were still observed in some that does not require postsynaptic depolarization is
whole-cell recordings in this preparation (data not known to occur (long-term potentiation within the CA3
shown). Because the correlated firing of RGCs is able region of the hippocampus) (Nicoll and Malenka, 1995).
to depolarize LGN neurons strongly, the basic ingredi- From the present experiments, we cannot conclude
whether NMDA receptor activation in fact does occurents for a Hebbian mechanism of synaptic strengthening
Neuron
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during the normal course of a synaptic barrage; it is firing together, neighboring RGCs could create a signal
merely not needed for the membrane potential of the detectable by the postsynaptic cell over the background
postsynaptic cell to reach spike threshold. Indeed, given of spontaneous vesicular release.
that the cell reaches action potential threshold, it is quite The present experiments indicate that long before
reasonable that NMDAreceptor activation occurs during ganglion cells can respond to light, their activity can
the height of the synaptic barrage, especially if the ac- drive LGN neurons to fire action potentials. Thus, genic-
tion potential then propagates into the dendrite, as has ulate axon terminals in the primary visual cortex are also
been demonstrated to occur in some pyramidal neurons likely to be driven periodically. If these terminals are
(Spruston et al., 1995). Certain developmental pro- functional during the time in development when retinal
cesses in theLGN that do requireNMDA receptor activa- waves are being produced, then the geniculocortical
tion, such as the later-occurring segregation of terminals synapse could undergo activity-dependent remodeling
in the LGN arising from on- and off-center RGCs (Hahm even before the advent of light-driven synaptic activa-
et al., 1991), could also be mediated by the retinally tion. Two features of geniculocortical connectivity that
driven synaptic activity that we have observed here. develop under the influence of electrical activity are ocu-
Further study of developmental plasticity at this synapse lar dominance columns (Shatz, 1990; Stryker and Harris,
should be particularly useful in illuminating the role of 1986) and orientation tuning (Chapman and Stryker,
NMDA receptor activation, since, as we have shown 1993). Both features are partially established at birth
here, NMDA receptors are not required for the baseline (monkey) (Rakic, 1976; Wiesel and Hubel, 1974) or before
level of spiking activity. eye-opening (cat and ferret) (Chapman and Stryker,
The periodic wave-like nature of spontaneous activity 1993; Blakemore and VanSluyters, 1975), suggesting
in the developing retina ensures that neighboring RGCs that they begin in utero in the absence of anything more
will be correlated in their activity both spatially and tem- than very diffuse light. Recent experiments using ma-
porally, while distant RGCs (located either in the same caque monkeys delivered prematurely by Cesarean sec-
retina or in opposing retinas) will be correlated poorly tion before ocular dominance columns have even begun
with each other (Meister et al., 1991; Wong et al., 1993; to form, then reared in complete darkness, indicate that
Feller et al., 1996). In the largest subset of the whole- mature ocular dominance columns can form even in
cell and extracellular recordings made here, the narrow the total absence of light-driven activity (Horton and
unimodal distribution of interburst intervals around the
Howking, 1996). The retinal waves, transmitted to the
mean is consistent with a model in which an LGN neuron
cortex via the LGN neurons, would be well suited to
receives synaptic input from only one small portion of
drive the early formation of ocular dominance columns,
a single retina and the active RGCs discharge quite
as they ensure a high degree of correlated activity from
regularly. A smaller subset of the present data, though,
RGCs in one eye, while also minimizing correlated activ-
displays a broader distribution of interburst intervals,
ity between the RGCs in different eyes. Furthermore, theconsistent with a model in which a given LGN neuron
presence of a wavefront in the spontaneous previsualreceives its input either from several presynaptic cells
retinal activity (Meister et al., 1991; Wong et al., 1993)located on more disparate parts of one retina, or even
should be well suited to drive the early formation ofin different retinas. Of course, a flat distribution of in-
orientation selectivity in the cortex, as it provides a pat-terburst intervals also could arise when presynapticcells
tern of RGC activation similar to what occurs later inconfined to a restricted part of a single retina display
development in response to oriented visual stimulihighly irregular periods between bursts. It is difficult to
(Miller, 1992; Linsker, 1986).distinguish between these two possibilities in the pres-
It is remarkable that so early in development the con-ent data without extensive additional experimentation.
nections from the retina, via the LGN, to the primaryIf the source of such temporal variability within the LGN
visual cortex are functional. The use of the novel indoes indeed reflect convergent innervation from spa-
vitro preparation described here has permitted us totially disparate populations of RGCs within or between
demonstrate that these connections are not only poten-the eyes, then we would predict that recordings made at
tially capable of working, but that they are actually beinglater times in development would become progressively
driven periodically and repeatedly by spontaneous neu-more unimodal, as synaptic refinement progresses.
ral activity originating from RGCs. Because the entireEven in those cases where the LGN neuron exhibits
retinogeniculate pathway is essentially intact in thisa narrow distribution of interburst intervals, at least sev-
preparation, we believe that our observations directlyeral RGCs appear to contribute to each synaptic bar-
reflect the in vivo situation. Thus, many times an hour,rage. This estimate of the minimum number of presynap-
over days (in rodents) to weeks (in primates), the devel-tic cells is made by contrasting the average burst length
oping central visual pathways are highly likely to beof individual spike trains recorded in the optic tract (i.e.,
synaptically active and to undergo activity-dependent2.1 s) (see Table 1) with the average duration of a synap-
changes well before the onset of visual function.tic barrage recorded in the LGN (7.0 s) (Table 1). None-
theless, it remains plausible that many more RGCs are
Experimental Proceduresconnected anatomically to each LGN neuron and only
a small subset are active during a given barrage. The
Retina-LGN Preparationcorrelated firing of neighboring RGCs could be espe-
Experiments were performed with in vitro retina-LGN preparations
cially important at early stages of development, when made from P0–P4 mouse pups, of wild-type (129sv), BALB/c, and
retinal terminals contain few vesicles and thus the NMDAR1-deficient (1/2 and 2/2) strains, in accordance with a
amounts of action potential–dependent and action po- protocol approved by the University of California at Berkeley Animal
Care and Use Committee. Individual mice pups were anesthetizedtential–independent transmitter release are similar. By
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by hypothermia and decapitated. Following decapitation, the dorsal enhanced with 1% cobalt chloride and 1% nickel ammonium sulfate
added to the diaminobenzidine solution. Camera lucida drawingscranium was dissected away, while the floor of the skull was left
intact in order to cradle the eyes, optic nerves, and brain. The brain were made on a Zeiss microscope using a 633 objective.
was chilled in artificial cerebrospinal fluid (ACSF) (48C), cut trans-
versely at the juncture of the midbrain and thalamus, and the eyes Identification of NMDAR1-Deficient Mice
were dissected open to create two retinal cup preparations. A vibra- Mice were obtained from Y. Li and S. Tonegawa at the Massachu-
tome was then used to section the preparation coronally at the setts Institute of Technology. Genotyping of potential NMDAR1-
level of the LGN. This preparation was immediately transferred to deficient mice was performed by polymerase chain reaction amplifi-
a submersion type recording chamber, maintained at 218C–228C cation with primers designed to recognize NMDAR1 and Neomycin
for 60–90 min, then warmed to 298C–338C for the duration of the sequences (NMDAR1-deficient mice contain only the Neomycin se-
experiment, where it was bathed in ACSF equilibrated with 95% O2/ quence; heterozygous mice were not included in further analyses)
5% CO2. The surface of the slice was illuminated to allow visual (Li et al., 1994).
identification of the LGN (both by shape and by position relative to
the hippocampus). Despite the thickness of the whole preparation, Reagents
the retinogeniculate pathway itself survives, because retinal fibers Lidocaine was obtained from Schein Pharmaceuticals; D-APV and
run from the optic chiasm to the LGN along the surface of the CNQX were from RBI; ACSF components were obtained from Fisher
diencephalon and are thus well oxygenated. Most of the recordings Scientific (Pittsburgh, PA); all other reagents were obtained from
were obtained within the first 100 mm below the cut surface of the Sigma.
LGN. Long-lasting stable recordings are possible, during which time
highly regular spontaneous sub-and suprathreshold activity is main- Acknowledgments
tained in both the retina and the LGN, and the capacity for action
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